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            Abstract
The mechanism of activation of the alternative lengthening of telomeres (ALT) pathway of mammalian chromosome-end maintenance has been unclear. We have now discovered that co-depletion of the histone chaperones ASF1a and ASF1b in human cells induced all hallmarks of ALT in both primary and cancer cells. These included the formation of ALT-associated PML (promyelocytic leukemia) bodies (APBs), the presence of extrachromosomal telomeric DNA species, an elevated frequency of telomeric sister chromatid exchanges (t-SCE) events and intertelomeric exchange of an integrated tag. The induction of ALT characteristics in this setting led to the simultaneous suppression of telomerase. We determined that ALT induction is positively regulated by the proteins RAD17 and BLM and negatively regulated by EXO1 and DNA2. The induction of ALT phenotypes as a consequence of ASF1 depletion strongly supports the hypothesis that ALT is a consequence of histone management dysfunction.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Subscribe to this journal
Receive 12 print issues and online access
$189.00 per year
only $15.75 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: ASF1 knockdown induces APBs and t-SCEs.[image: ]


Figure 2: Copying and transfer of a telomere tag after ASF1 depletion.[image: ]


Figure 3: ASF1 knockdown generates ECTR.[image: ]


Figure 4: ASF1 knockdown leads to hTERT repression.[image: ]


Figure 5: ALT phenotypes arise from replicative stress due to ASF1 depletion.[image: ]


Figure 6: Kinetics of ALT induction and maintenance after ASF1 depletion.[image: ]


Figure 7: Identification of factors required for induction of APBs and C-circles.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Effects of ASF1 suppression.
(a) Western blot analysis of ASF1 expression and RPA2 S4/S8 phosphorylation following transfection with control and ASF1 siRNAs in IMR90, WI38 and HeLa cells. Î³Tubulin was used as loading control. (b) FACS analysis of control and ASF1 transfected Hela LT and IMR90-hTERT cells. Average percentage of cells in S-phase are indicated from 3 independent experiments. (c) Chromatin Immuno-precipitation (ChIP) of TRF2 and histone H3 at telomeres in control (c) and ASF1 (ASF1) siRNA treated HeLa cells. Numbers displayed beneath the panels are % telomeric DNA precipitated relative to the IgG control IP. (d) Micrococcal Nucleasae (MNase) digestion of chromatin from control siRNA and ASF1 siRNA treated HeLa LT cells. Increasing amounts of MNase (2, 4 and 8 units) were used in 10 min digestions. 5 Î¼g of purified digested DNA was electrophoresed on a 1.2% TAE gel. (e) Telomere length and telomerase activity of HeLa 1.2.11, Hela LT, ST and VST cells. Telomerase activity was determined by TRAP assay using 1 Î¼g of input soluble protein extract. (f) Quantification of FACS analysis of BrdU incorporation in control and ASF1 transfected Hela LT and IMR90 cells. Percentages of BrdU positive cells are shown and derived from 3 independent experiments.


Supplementary Figure 2 ASF1 suppression causes APB formation.
(a) Confocal IF-FISH imaging of RPA2 (Red), PML (Cyan), TTAGGG-FISH (Green) co-localization in control siRNA and ASF1 siRNA treated WI38-hTERT and WI38-hTERT-E6-E7. Images are maximum intensity projections of âˆ¼10 stacks captured with a 63X objective lens. All panels include the merged channels with DAPI. (b) Confocal IF-FISH imaging of RPA2 (Red), BLM (Cyan), TTAGGG-FISH (Green) co-localization in control siRNA and ASF1 siRNA treated IMR90-hTERT and HeLa LT. Images are maximum intensity projections of âˆ¼10 stacks captured with a 63X objective lens. All panels include the merged channels with DAPI and enlarged sections of the merge with DAPI. (c) Confocal-IF imaging of TRF2 (Green) and RPA2 (Red) co-localization in control siRNA and ASF1 siRNA treated IMR90-hTERT, IMR90-hTERT-E6-E7, HeLa LT, ST and VST cells. As in Fig 1A, TRF2/RPA2 co-localization in large foci in IMR90 hTERT, IMR90-hTERT-E6-E7 occurs in âˆ¼5% of the cellular population. Otherwise, images of all control siRNA treated cells and ASF1 depleted HeLa ST represent the general cell population.


Supplementary Figure 3 ASF1 suppression leads to ECTR generation.
(a) C-circle assay in control and ASF1 depleted human primary IMR90/WI38-Empty Vector (EV), IMR90/WI38-E6-E7, IMR90/WI38-hTERT and IMR90/WI38-hTERT-E6-E7 cells. Note that the transformed IMR90 cells displayed here were derived from independent retroviral infections and differ from those shown in Fig. 2. Negative controls are reactions lacking Ï†29 and DNA. (b) Quantification of C-circles in control (black bar) and ASF1 depleted (light grey bar) cells shown in (a). The ALT positive U2OS control was used as reference for C-circles (dark grey bar), against which IMR90 and WI38 data was calculated. Data represent means Â±SDs of at least 3 experiments. (c) T-circle assay in following ASF1 depletion. Increasing amounts (0.25, 0.5 and 1 Î¼g) of digested genomic DNA from control and ASF1 depleted human primary IMR90, IMR90 E6-E7, IMR90-hTERT and IMR90-hTERT E6-E7 cells. Arrows indicate T-circle products. Negative controls are reactions lacking Ï†29.


Supplementary Figure 4 ASF1 suppression leads to C-circle formation.
(a) Confocal IF-FISH imaging of RPA2 (Cyan), PML (green), ssTTAGGG-FISH (Red) co-localization in control siRNA and ASF1 siRNA treated HeLa LT. Images are maximum intensity projections of âˆ¼10 stacks captured with a 63X objective lens. All panels include the merged channels with and without DAPI. (b) As in (a) with the exception that the coverslips were denatured so as to allow detection of dsTTAGGG repeats.


Supplementary Figure 5 ASF1 suppression inhibits telomerase activity.
(a) Telomerase activity was determined by TRAP assay using 1 Î¼g of input soluble protein extract. Lanes i-vi show: (i) No extract control (ii) DMSO added to extract (iii) 10 Î¼M BIBR-1532 (TERTi) added to extract (iv) heat denatured control (v) RNase I treated extract (vi) positive control (mock treated HeLa LT extract). (b) Confocal IF-FISH imaging of RPA2 (Red), PML (Cyan), TTAGGG-FISH (Green) co-localization in ASF1 siRNA transfected HeLa LT and IMR90 hTERT cells treated with 10Î¼M BIBR-1532 (TERTi). Images are maximum intensity projections of âˆ¼10 stacks captured with a 63X objective lens. All panels include the merged channels with DAPI. (c) Microarray heatmap of differentially expressed genes in ASF1 depleted HeLa LT. Red indicates up-regulated genes and blue indicates down-regulated genes. Selected enriched functional pathways are shown. (d) Expression of secretory cytokines (IL1A, IL1B, IL6, IL8), activators of NFKB signaling (IKBKG (Nemo), NFKB2 (p100)), and the TGFÎ² pathway. Data represent means Â±SDs of 3 independent experiments. (e) qPCR of gene expression of regulators of TERT expression. Gene expression is normalized to that of the RPLO (ribosomal protein L15) gene. Data represent means of 3 independent experiments in which each PCR was conducted in triplicate.


Supplementary Figure 6 Effects of ASF1 suppression.
(a) Western blot analysis of ASF1 and RPA2 expression and RPA2 S4/S8 phosphorylation following transfection with individual and mixed single siRNAs and Smartpool siRNAs against ASF1a and ASF1b in HeLa LT cells. Control siRNAs were also used in transfections. Î³Tubulin was used as loading control. Black triangles above panels indicate 2X and 1X loading of whole cell extracts. (b) C-circle assays from siRNA transfected HeLa LT cells in (a). Negative controls are reactions lacking Ï†29 and DNA. Control siRNAs were also used in transfections. (c) Confocal-IF imaging of RPA2 (Red), PML (Cyan), TTAGGG-FISH (Green) co-localization in control siRNA and single ASF1 siRNA treated HeLa LT cells. Images are maximum intensity projections of âˆ¼10 stacks captured with a 63X objective lens. All panels include the merged channels with DAPI and enlarged sections of the merge with DAPI. (d) Western analysis to confirm siRNA knockdown. The target gene is indicated on the left, adjacent to each panel. To the right of each panel, the S-phase index (%) at the time of harvest (72 hrs) of the transfections is indicated. (e) Standard IF of TRF2 (Green) and RPA2 (Red) localization after synchronization of HeLa LT cells in S-phase and chronic treatment with hydroxyurea (HU) (3 mM) and aphidicolin (APH) (5 Î¼M) over 48 hrs. Images. All panels were captured using a 63X objective lens on a Zeiss Axioplan II microscope and include the merged channels with DAPI and enlarged sections of the merge with DAPI.


Supplementary Figure 7 ALT pathway analysis.
(a) Quantitation of S-phase index of shRNA siC/ASF1 siRNA transfected cells. Data represents the average total S-phase population in cell cultures at 72 hrs post siRNA transfection. (b) Western analysis of ASF1, phospho-RPA2 S4/S8, RPA2, Î³H2AX and H2AX. shRNA target is indicated above panels. Î³TUB is general loading control. (c) Confocal IF for RPA2 (red), PML (cyan) and TTAGGG FISH (green) in shRNA infected HeLa LT cells. From top to bottom the images are from shScramble and control siRNA, shScramble and ASF1 siRNA, BLM shRNA and ASF1 siRNA, WRN shRNA and ASF1 siRNA, EXO1 shRNA and ASF1 siRNA and RAD17 shRNA and ASF1 siRNA HeLa LT cells. Images shown are representative of those cells containing APB like structures that are observed as indicated in Fig. 4. For BLM shRNA and ASF1 siRNA where few APBs are observed the images shown are representative of the cell population. Note the absence of focal RPA2 formation in the absence of BLM. Images in are maximum intensity projections of âˆ¼10 stacks captured with a 63X objective lens. All panels include the merged channels with DAPI and enlarged sections of the merge with DAPI.


Supplementary Figure 8 Original blots of westerns in main figures.
(a) Complete blots of westerns for ASF1, RPA2 S4S8 and Î³Tubulin shown in Figure 5b. The molecular weight of the target protein is indicated. (b) Complete blots of westerns for ASF1, RPA2 S4S8, Î³H2AX and Î³Tubulin shown in Figure 6b. The molecular weight of the target protein is indicated. (c) Complete blots of westerns confirming shRNA knockdown of factors shown in shown in Figure 7a. Top panel; left to right; PML, BLM, CtIP, EXO1, DNA2 and bottom panel; left to right; TRF2, RAD51, MRE11, RAD17 and WRN. The molecular weight of the target protein is indicated. The type and percent gradient of acrylamide in each gel is indicated beneath the image.





Supplementary information
Supplementary Text and Figures
Supplementary Figures 1â€“8 (PDF 17028 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
O'Sullivan, R., Arnoult, N., Lackner, D. et al. Rapid induction of alternative lengthening of telomeres by depletion of the histone chaperone ASF1.
                    Nat Struct Mol Biol 21, 167â€“174 (2014). https://doi.org/10.1038/nsmb.2754
Download citation
	Received: 20 September 2013

	Accepted: 03 December 2013

	Published: 12 January 2014

	Issue Date: February 2014

	DOI: https://doi.org/10.1038/nsmb.2754


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Combining old and new concepts in targeting telomerase for cancer therapy: transient, immediate, complete and combinatory attack (TICCA)
                                    
                                

                            
                                
                                    	Jaber Haj Ali
	Michael Walter


                                
                                Cancer Cell International (2023)

                            
	
                            
                                
                                    
                                        Alternative lengthening of telomeres (ALT) cells viability is dependent on C-rich telomeric RNAs
                                    
                                

                            
                                
                                    	Ilaria Rosso
	Corey Jones-Weinert
	Fabrizio dâ€™Adda di Fagagna


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Histone demethylase KDM2A is a selective vulnerability of cancers relying on alternative telomere maintenance
                                    
                                

                            
                                
                                    	Fei Li
	Yizhe Wang
	Hongwu Zheng


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        A non-genetic switch triggers alternative telomere lengthening and cellular immortalization in ATRX deficient cells
                                    
                                

                            
                                
                                    	Timothy K. Turkalo
	Antonio Maffia
	Dirk Hockemeyer


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Telomere-to-mitochondria signalling by ZBP1 mediates replicative crisis
                                    
                                

                            
                                
                                    	Joe Nassour
	Lucia Gutierrez Aguiar
	Jan Karlseder


                                
                                Nature (2023)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Contact
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature Structural & Molecular Biology (Nat Struct Mol Biol)
                
                
    
    
        ISSN 1545-9985 (online)
    
    


                
    
    
        ISSN 1545-9993 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing: Cancer]
                    Sign up for the Nature Briefing: Cancer newsletter â€” what matters in cancer research, free to your inbox weekly.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in cancer research, free to your inbox weekly.
            Sign up for Nature Briefing: Cancer
            
        


    









    [image: ]







[image: ]
